Dedicated to Professor Ernő Brücher on the occasion of his 70 th birthday.
Introduction
The success of magnetic resonance imaging (MRI) as a clinical diagnostic technique is largely related to the use of paramagnetic contrast agents which improve the contrast between normal and diseased tissues. Trivalent gadolinium chelates have shown to be the most suitable MRI contrast agents (CAs) [1] [2] [3] [4] [5] [6] [7] . One of the big challenges in the development of new CAs is the improvement of their relaxivity and their capability to target certain organs and tissues which would allow the clinical use of lower doses [8] [9] (proton relaxivity is defined as the paramagnetic longitudinal proton relaxation rate enhancement due to one millimolar concentration of the agent). Theory predicts that slow rotation of the chelates in solution (long τ R values) and fast water exchange between the ion coordination sphere and the bulk water (high k ex =1/τ m values, where τ m is the lifetime of the water molecule in the coordination sphere) will lead to higher relaxivities [4, 6] . Upon attachment of low molecular weight Gd IIIchelates to macromolecules, the rotation slows down and the relaxivity increases. However this increase is usually far from being optimal (r 1max ~100 mM -1 s -1 for a q=1 complex at MHz proton Larmor frequency) because either the bound chelate is too flexible (internal motions dominate) or water exchange becomes limiting (τ m > T 1M ) [2, 6] .
Several approaches have been attempted to increase τ R values in the search for high relaxivities. These involved the formation of covalent or non-covalent conjugates between the paramagnetic chelate and slowly moving substrates (dendrimers [10] , proteins [11] ;
carbohydrates [12] ). An appealing alternative way to increase τ R is through self-assembly of amphiphilic Gd III -chelates forming micelles [13] . Many of these Gd III -containing assemblies behave as colloidal carriers which, in addition to the increased relaxivities, show good pharmacological characteristics [14] . They can be efficiently taken up by macrophage-rich tissue undergoing endocytosis/phagocytosis (liver and spleen) [15, 16] and have proved to be useful for diagnostic purposes [15] . Long-circulating colloidal systems with entrapped radiopharmaceuticals or CAs have been successful in blood-pool imaging [17] [18] [19] .
Several Gd III -based micellar systems have been designed and characterized [13, 20, 21] . In these systems the relaxivities were considerably improved due to the longer tumbling times in solution but low water exchange rates seriously cut back the relaxivity gain.
The chelate [Gd(TRITA)(H 2 O)] -(H 4 TRITA = 1,4,7,10-tetraazacyclotridecane-N,N',N'',N'''tetraacetic acid) was reported to have a fast water exchange due to steric compression around the water binding site. The increased steric crowding in this chelate is achieved by replacing an ethylene bridge of DOTA 4-(H 4 DOTA = 1,4,7,10-tetraazacyclododecane-N,N',N'',N'''tetraacetic acid) by a propylene bridge [22] . The same strategy proved successful in accelerating water exchange in the Gd III -chelates of modified DTPA 5- [23] . A different system displaying fast water exchange at the Gd III ion is based on a mono-amide DOTA complex, as demonstrated by Parker and co-workers [24] .
With the objective of slowing down the rotation, the fast exchanging [Gd(EPTPA)(H 2 O)] 2- chelate has been attached to different generations (5,7 and 9) of PAMAM dendrimers [25] . A combined 17 O NMR and proton relaxivity study of these systems showed that, in contrast to previously reported dendrimeric Gd III complexes, the proton relaxivity was indeed not at all limited by slow water exchange.
In this paper we report the synthesis of the new ligand H 5 EPTPA-C16 ((hydroxymethylhexadecanoyl ester)ethylenepropylenetriaminepentaacetic-acid)), which was designed to chelate the Gd III ion in a kinetically and thermodynamically stable way [23] while displaying a simultaneous optimization of the rotational correlation time and the water exchange rate and hence a higher relaxivity. The tumbling time of the chelate is slowed down upon attachment of a C-16 lipophilic chain to the -CH 2 OH pendant group through ester bond formation. Due to the capability of this amphiphilic species to form micelles in solution, its τ R value will be substantially increased. In addition, the τ m value of the Gd III -chelate is optimized in comparison to commercial chelates such as [Gd(DTPA)(H 2 O)] 2-, as a consequence of an increased steric compression in the coordination sphere of the metal ion, brought about by the propylene bridge connecting two nitrogen atoms.
The critical micelle concentration (CMC) of the amphilic [Gd(EPTPA-C16)(H 2 O)] 2chelate was determined by proton relaxivity measurements. In the aim of assessing the parameters that determine proton relaxivity, the water exchange rate and rotational correlation time in particular, we have carried out a variable temperature and multiple field 17 O NMR and 1 H NMRD study. The rotational dynamics of the micelles was described in terms of local and global motions, related to motions of the Gd III segments and of the entire micelle, respectively, by using the Lipari-Szabo approach in the analysis of longitudinal NMR relaxation rates.
Results and Discussion

Synthesis
The new CA skeleton EPTPA 5has been proposed recently, which features a masked, pendant amine group on the ethylenediamine unit designed for conjugation to chemical moieties for targeting purposes and/or for the formation of macromolecular complexes. [23] In this paper we report a new synthetic route to the EPTPA 5skeleton bearing a hydroxymethyl group on the ethylenediamine unit (Scheme 1).
We envisaged that coupling a fatty acid to the hydroxymethyl group would generate the amphyphylic molecule 8 (EPTPA-C16) that would self-assemble in solution, thus increasing the tumbling time, and the relaxivity of its Gd III complex.
The reductive amination of the Garner aldehyde 2 with the Boc-monoprotected diamine 3 is the key reaction in the construction of the EPTPA scaffold. The reducing agent sodium triacetoxyborohydride NaBH(OAc) 3 proved to be highly efficient [26] . The Garner aldehyde 2 was obtained through a high yielding three-step procedure from serine methyl ester hydrochloride 1 [27] . The fully protected triamine 4 was deprotected in quantitative yield in one step with a HCl 6 M / EtOH (1/1) mixture. The alkylation reaction required pre-titration of the aqueous triamine hydrochloride to neutral pH. The titration with Dowex 1X2-100-OHresin revealed to be a convenient procedure. The fully deprotected triamine 5 was of analytical purity and was carried through without further purification. Triamine 5 was alkylated with tBubromoacetate in a standard procedure [23] . The fully alkylated material 6 was coupled to palmitic acid through the anhydride method. The resulting ester 7 was isolated as an adduct with an extra molecule of palmitic acid, as demonstrated by 1 H NMR spectroscopy. No attempts were made to purify the compound at this stage. We reasoned that it would be more efficient to carry this material through and to perform the final purification on the material at the fully deprotected stage. The deprotection with TFA/CH 2 Cl 2 proceeded uneventfully, affording again the deprotected material as an adduct with an extra molecule of palmitic acid.
The palmitic acid adduct was suspended in water and titrated to neutrality with aqueous KOH. This procedure allowed the removal of the insoluble potassium palmitate by filtration. The 
Determination of the critical micellar concentration (CMC)
The amphiphilic Gd III -chelate is expected to behave as a surfactant in aqueous solution, i.e. to form macromolecular micellar structures. Micelle formation is characterized by the critical micellar concentration (CMC), the lowest concentration limit at which micelles start to appear in solution. We have determined the CMC value by means of 1 H relaxivity measurements (60 MHz and 25 o C). This procedure, previously established for paramagnetic micellar systems, is based on the variation of the water 1 H longitudinal relaxation rate with increasing concentrations of the Gd III -chelate [21] . The measurements are performed at a frequency where the relaxivity is principally determined by rotation. Accordingly, micelle formation will result in a slower molecular tumbling and a concomitant increase of the observed proton relaxivity.
At concentrations inferior to the CMC no aggregates form, and under these conditions, only the monomeric chelate contributes to the paramagnetic 1 H relaxation rate measured in the solution, which is given by Eq. 
where a r 1 is the relaxivity of the micellar (aggregated) form. The CMC is determined from the plot of the paramagnetic relaxation rates vs. the Gd III concentration as shown in Figure 1 , based on a simultaneous least-squares fit of the two straight lines. The slopes of these two lines define . . 1 a n r and a r 1 , below and above the CMC, respectively. The values obtained were . . 1 a n r = 7.79 mmol -1 s -1 and a r 1 = 24.21 mmol -1 s -1 (at 25 o C and 60 MHz). The CMC was found to be 0.34±0.02 mM, which, in a comparison to previously studied, similar amphiphilic Gd III complexes with hydrocarbon chains, falls exactly into the range expected for a compound with a sixteen-carbon lipophilic tail ( Figure 2 ) [21] .
O NMR and 1 H NMRD measurements
In order to determine the water exchange rate and assess the rotational dynamics of the 
For the aggregated form of the chelate, we performed a simultaneous least-squares fit of the 17 O NMR, EPR and NMRD data, these latter calculated with Eq. (3). All the available experimental data ( 17 O NMR chemical shifts, ∆ω r , longitudinal (1/T 1r ) and transverse (1/T 2r ) relaxation rates, the longitudinal proton relaxivities (r 1 ) and transverse electron spin relaxation rates, obtained from the EPR spectra) were analysed simultaneously. The data were fitted to the conventional Solomon-Bloembergen-Morgan theory [7] , except for the description of the rotational dynamics (influencing both 17 O and 1 H longitudinal relaxation), for which we used the model-free Lipari-Szabo approach [28, 29] (see appendix for all equations). Indeed, the longitudinal 17 O relaxation rates show a distinct magnetic field dependence, which is always a clear indication of slow molecular motions and cannot be described by the common spectral density functions applied for small molecular weight chelates. According to the Lipari-Szabo approach, the modulation of the interaction that causes relaxation is the result of two statistically independent motions: a rapid local motion of the Gd III segments, with a local rotational correlation time τ l , and a slower global motion of the entire micellar aggregate, with a global rotational correlation time τ g . The degree of spatial restriction of the local motion with regard to the global rotation is given by an additional model free parameter, S 2 . For a totally free internal motion S 2 equals 0, while for a local motion which is exclusively correlated to the global motion, S 2 =1.
Given the large number of parameters involved in the analysis of the 17 O NMR, EPR and NMRD data, some of them had to be fixed to common and physically meaningful values. For the distances we used r GdO = 2.5 Å (Gd electron spin and 17 O nucleus distance), r GdH = 3.1 Å (Gd electron spin to 1 H nucleus distance) and a GdH = 3.5 Å (closest approach of the bulk water protons to the gadolinium). The quadrupolar coupling constant for the bound water oxygen, χ(1+η 2 /3) 1/2 , was fixed to 5.2 MHz [30] . The longitudinal 17 Figure   4 . The X-band peak-to-peak EPR linewidths, not presented in Figure 4 but included in the fit, were between 440 Gauss (270 K) and 480 Gauss (316 K). The most relevant parameters obtained in the fit are shown in Table 1 . For the electronic relaxation parameters we obtained the following values: τ v 298 = 43±5 ps and ∆ 2 = (0.07±0.01)×10 20 s -2 ; E v was fixed to 1.0 kJ/mol. The NMRD profiles measured at three different temperatures for the non-aggregated chelate have also been fitted. Here, the rotational dynamics was described by the common spectral density functions of the Solomon-Bloembergen-Morgan theory, since the rotation is not slow enough to require the Lipari-Szabo treatment. Due to the lack of 17 O NMR data directly on the monomer form, in the fit of the NMRD profiles we fixed the water exchange rate and the activation enthalpy to the values obtained for the micellar form ( Table 1 ). The electronic parameters calculated are τ v 298 = 44±8 ps and ∆ 2 = (0.08±0.01)×10 20 s -2 ; E v was fixed to 1.0 kJ/mol. For the rotational correlation time, we obtained τ rH = 200±30 ps, which corresponds to a value expected for a molecule of the given molecular weight ( Table 2 ). The experimental NMRD profiles and the fitted curves are presented in Figure 3 . 
Water exchange rate and rotational dynamics
EPR
The spectra were recorded in a conventional Elexsys spectrometer E500 at X-band (9.4
GHz). A controlled nitrogen gas flow was used to maintain a constant temperature, which was measured by a substitution technique. The transverse electronic relaxation rates, 1/T 2e , were calculated from the EPR line widths according to Reuben [36] .
O NMR spectroscopy:
The solution samples were sealed in glass spheres adapted for 10 mm NMR tubes to avoid susceptibility corrections of the chemical shift. Transverse and longitudinal 17 O relaxation rates and chemical shifts were measured for temperatures between -1.9ºC and 52ºC. Temperatures above 60ºC were not used to avoid compound decomposition.
Data were recorded at two different magnetic fields (9.4 T, 4.7 T). Acidified water of pH 3.4
was used as an external reference.
Data analysis.
The least-squares fits on the 17 O NMR and NMRD relaxation data were performed with the Visualiseur/Optimiseur programs on a Matlab platform version 5.3 [33] . tert-butanol as external reference ( 13 C, CH 3 δ 30.29). 13 C NMR spectra were proton broadband decoupled using a decoupling scheme.
Materials and equipment:
Synthesis and characterisation
Compound 2 (Garner's aldehyde) was synthesised by a three step procedure according to the literature [26] .
Synthesis of fully protected triamine 4.
A solution of NBoc-1,3-propanediamine 3 (1.46 g, 8.37 mmol) and Garner aldehyde 2 (1.83 g, 7,98 mmol) in 1,2-dichloroethane (80 cm 3 ) was stirred at room temperature for 5 minutes before NaBH(OAc) 3 
Synthesis of fully alkylated compound 6
To compound 5 (3.12 g, 8.06 mmol), partially dissolved in DMF, was added DIPEA (11.0 cm 3 , 64.5 mmol), tert-butylbromoacetate (9.0 cm 3 , 60.5 mmol) and KI (1,63 g, 9. 80 mmol). Education and Science for financial support. The lines represent the least-squares fit of the data points as explained in the text. The lines represent the least-squares fit of the data points as explained in the text.
Supporting Information:
Supporting information
Equations used for the analysis of NMRD, EPR and 17 O NMR data.
O NMR spectroscopy
From the measured 17 O NMR relaxation rates and angular frequencies of the paramagnetic solutions, 1/T 1 , 1/T 2 and ω, and of the acidified water reference, 1/T 1A , 1/T 2A and ω Α , one can calculate the reduced relaxation rates and chemical shift, 1/T 1r , 1/T 2r and ∆ω r (Eq. 1-3) , where 1/T 1m , 1/T 2m are the relaxation rates of the bound water and ∆ω m is the chemical shift difference between bound and bulk water, τ m is the mean residence time or the inverse of the water exchange rate k ex and P m is the mole fraction of the bound water. [1, 2] os m m 1A m 1r
Previous studies have shown that outer sphere contributions to the 17 O relaxation rates are negligible. [3] Eqs. 1 and 2 can be further simplified:
The exchange rate is supposed to assume the Eyring equation. In Eq. 6 ∆S ‡ and ∆H ‡ are the entropy and enthalpy of activation for the water exchange process, and k ex 298 is the exchange rate at 298.15 K. 1/τ s1 is the sum of the exchange rate constant and the electron spin relaxation rate. 
The isotopic Landé g factor is equal to 2.0 for the Gd(III), B represents the magnetic field, and k B is the Boltzmann constant.
The outer sphere term of the chemical shift was found proportional to ∆ω m , through an empirical constant C os. [5] m os os
For slowly rotating species, the spectral density functions are described the Lipari-Szabo approach. [6, 7] In this model we distinguish two statistically independent motions; a rapid local motion with a correlation time τ l and a slower global motion with a correlation time τ g . 
